A sulfur-regulated gene (cysA) that encodes the membrane-associated ATP-binding protein of the sulfate transport system of the cyanobacterium Synechococcus sp. strain PCC 7942 was recently isolated and sequenced. Adjacent to cysA and transcribed in the opposite direction is a gene encoding the sulfate-binding protein (sbpA Cyanobacteria are obligate photoautotrophs that undergo a complex set of distinct morphological and physiological changes when deprived of macronutrients such as sulfur and nitrogen. A visually dramatic response to nutrient deprivation is the degradation of the light-harvesting complex, the phycobilisome, and the concomitant decline in the levels of phycocyanin and allophycocyanin. Additionally, there is a decrease in chlorophyll levels and attenuation of the photosynthetic membranes (44, 60). Other changes that accompany nutrient deprivation include cell wall thickening (25) and the accumulation of electron-opaque inclusion bodies in the cytoplasm of the cell (31, 60).
A sulfur-regulated gene (cysA) that encodes the membrane-associated ATP-binding protein of the sulfate transport system of the cyanobacterium Synechococcus sp. strain PCC 7942 was recently isolated and sequenced. Adjacent to cysA and transcribed in the opposite direction is a gene encoding the sulfate-binding protein (sbpA). Two other genes, cysT and cysW, encode proteins that may form a channel for the transport of sulfate across the cytoplasmic membrane. A fourth gene, cysR, located between cysT and cysW, encodes a polypeptide that has some homology to a family of prokaryotic regulatory proteins. Mutant strains in which cysA, cysT, or cysW was interrupted by a drug resistance marker were not viable when grown with sulfate as the sole sulfur source and exhibited essentially no sulfate uptake. In contrast, sbpA and cysR mutants grew on sulfate, although they did not exhibit the 20-fold increase in the Vmax (concentration of sulfate at half-maximal transport rate) for sulfate transport characteristic of wild-type cells grown under sulfur-limiting conditions. Three of the sulfur-regulated genes in Synechococcus sp. strain PCC 7942 are similar to genes encoded by the chloroplast genome of the primitive plant Marchantia polymorpha. These data suggest that a sulfate transport system similar to that of Synechococcus sp. strain PCC 7942 may exist in the chloroplast envelope of photosynthetic eukaryotes.
Cyanobacteria are obligate photoautotrophs that undergo a complex set of distinct morphological and physiological changes when deprived of macronutrients such as sulfur and nitrogen. A visually dramatic response to nutrient deprivation is the degradation of the light-harvesting complex, the phycobilisome, and the concomitant decline in the levels of phycocyanin and allophycocyanin. Additionally, there is a decrease in chlorophyll levels and attenuation of the photosynthetic membranes (44, 60) . Other changes that accompany nutrient deprivation include cell wall thickening (25) and the accumulation of electron-opaque inclusion bodies in the cytoplasm of the cell (31, 60) .
In addition to the general responses described above, cyanobacteria exhibit specific responses when deprived of a given nutrient. During growth in sulfur-deficient medium, the unicellular cyanobacterium Anacystis nidulans and the closely related Synechococcus sp. strain PCC 7942 display an increased rate of sulfate transport (15, 24) . The transport process can overcome a large electrochemical gradient and is light dependent and inhibited by metabolic poisons, indicating an energy requirement (24, 57) . Transport is sensitive to osmotic shock and can be competitively inhibited by sulfate analogs such as sulfite, thiosulfate, chromate, and selenate. In Synechococcus sp. strain PCC 7942, the apparent Vmax for sulfate transport was elevated 10-to 20-fold in a 24-h period after transfer to sulfur-deficient medium. There was no change in the apparent K112 (concentration of sulfate at half-maximal transport rate) for sulfate uptake during this period (15) . These results suggested that the increased capacity to transport sulfate was a consequence of increased levels of components of the sulfate permease system. The results also suggested that sulfate uptake in Synechococcus sp. strain PCC 7942 occurs via a four-component periplasmic transport system (3) .
In the enteric bacteria Salmonella typhimurium and Escherichia coli, sulfate transport is accomplished by a single active uptake system. This permease complex is composed of three cytoplasmic membrane components and a substratespecific binding protein located in the periplasmic space (3, 28) . The sulfate-binding protein of S. typhimurium has been isolated and sequenced and its crystal structure has been resolved (23, 36, 40) . It is present in the periplasmic space at very high levels and binds one sulfate molecule per molecule of protein. Two of the cytoplasmic membrane proteins appear to span the lipid bilayer and may form a channel for the passage of the substrate. A third membrane protein hydrolyzes ATP to provide the energy required for concentrating the substrate inside the cell (4) .
Much of the information on sulfate uptake in enteric bacteria has accrued from studies of cysteine auxotrophs. Mutations that block sulfate transport map to the cysA locus; all three cistrons in this locus are required for normal uptake (34, 35) . The cysA locus of S. typhimurium has recently been cloned (22) , and the genes encoding the nucleotide-binding protein and the channel-forming membrane polypeptides have been characterized (21, 47) . We have used this locus from S. typhimurium to isolate a related region from the Synechococcus sp. strain PCC 7942 genome. The latter encoded at least five transcripts that accumulated to high levels in cells deprived of sulfur (16) . One of the genes, cysA, was sequenced and shown to encode a polypeptide with similarities to the ATP-binding polypeptides of various periplasmic transport systems. Strains in which the cysA gene was insertionally inactivated became cysteine auxotrophs and could not take up sulfate.
In this communication, we present a characterization of the region of DNA adjacent to cysA and conclude that it encodes the remaining components of the sulfate permease. These conclusions are based on homology to analogous polypeptides from both the sulfate permease system of S. typhimurium and E. coli and the phenotype of mutant strains constructed by targeted inactivation of genes in vivo (14) . Lastly, the occurrence of homologs to these cys genes in eukaryotes is noted and discussed.
MATERIALS AND METHODS
Strains and growth conditions. Synechococcus sp. strain PCC 7942, formerly Anacystis nidulans R2, was grown in liquid or solid (1.0% agar) BG-11 medium (2) buffered to pH 8.0 with 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid). Liquid cultures were grown in 60-ml glass tubes, bubbled with air enriched to 3% CO2, and maintained at 30°C. Illumination was from incandescent tubes at approximately 60 microEinsteins/m2/s. For sulfurdeficient medium, MgSO4 was replaced with MgCl2 (final concentration, 300 ,uM) and the trace element solution used contained ZnCl2 and CuCl2 in place of ZnSO4 and CuSO4, respectively. When appropriate, BG-11 medium was supplemented with spectinomycin (25 ,ug/ml), ampicillin (1 ,ug/ml), L-cysteine (300 ,uM), L-cystine (300 ,uM), sodium thiosulfate (300 ,uM), sodium thiophosphate (300 1xM), thioacetic acid (300 puM), glutathione (300 ,uM), sodium sulfide (300 j.LM), sodium tetrathionate (300 ,uM), or sodium thiocyanate (300 R,M). E. coli DHSa (Bethesda Research Laboratories) and JM101, used as hosts for plasmid constructions and M13 vectors, respectively, were grown on LB or 2xYT medium supplemented with ampicillin (50 jig/ml) and/or spectinomycin (50 pug/ml) when appropriate.
Southern hybridizations. Genomic DNA was extracted from Synechococcus sp. strain PCC 7942 essentially by the method of Tandeau de Marsac et al. (52) . DNA fragments were electrophoresed in 0.7% agarose gels in a Tris-borate-EDTA buffer system (32) . Transfer of DNA to nitrocellulose filters was performed as described by Maniatis et al. (32) , and Southern blot hybridizations were performed according to Conley et al. (9) . Restriction fragments radiolabeled by the random oligonucleotide priming method (13) were separated from unincorporated nucleotides on a Sephadex G-50-150 column.
DNA sequence determination and analysis. DNA restriction endonuclease fragments from the region between the unique BglII and HindIII restriction sites (see Fig. 8 ) were subcloned into M13mpl8 or M13mpl9. Sequencing was done by the dideoxy chain termination method (43) with modified T7 DNA polymerase (51) and M13 universal primers. Both strands of the DNA were sequenced from the restriction sites shown in Fig. 8 (14) . Ampicillin-resistant colonies, probably the result of a single recombinational event, were not analyzed further. After several rounds of restreaking to segregate homozygous mutants (62) , genomic DNA was isolated, digested with various restriction enzymes, and analyzed by hybridization (9) to confirm the presence and position of the spc gene.
Sulfate uptake assays, cell fractionation, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis were performed as described previously (15 (Fig. 2) . Like its counterpart in the enteric bacteria, the SbpA polypeptide lacks sulfur-containing amino acids. The sbpA gene is separated from cysA by an intergenic region of 131 nucleotides and is transcribed in the opposite direction from cysA.
Cytoplasmic membrane protein genes. Almost all periplasmic transport systems contain two hydrophobic polypeptides embedded in the cytoplasmic membrane. These polypeptides are similar in structure and may form channels through the cytoplasmic membrane and provide a site in the membrane for the attachment of substrate-binding proteins (42) .
In Synechococcus sp. strain PCC 7942, the genes encoding the integral membrane polypeptides of the sulfate permease are located downstream of sbpA. Translation of the first of the proposed membrane-spanning polypeptides is initiated at an ATG codon located 75 nucleotides downstream of the termination codon of the sbpA gene. This gene, cysT (see Fig. 8 ), is transcribed in the same direction as sbpA and encodes a polypeptide of 278 amino acids, with a calculated molecular mass of 30.4 kDa. The CysT polypeptide is 42% identical in amino acid sequence to the analogous protein from E. coli (47) and has a high level of nonpolar amino acids (61.5%), which is typical of many membrane transport proteins (10) .
The second gene encoding an integral membrane protein is designated cysW. It is separated from cysT by two open reading frames and encodes a 30.7-kDa polypeptide of 286 amino acids. Its estimated pl of 9.5 is much higher than that calculated for CysT (pl of 4.7). A similar situation exists in E. coli, where the estimated pI of the CysT and CysW polypeptides is 8.4 and 5.7, respectively. The CysW protein is 45% identical to the protein encoded by cysW of E. coli. The amino acid sequences of the hydrophobic polypeptides encoded by cysT and cysW are also similar (approximately 35%). All of the integral membrane components of the permease systems, including CysT and CysW, contain a region located approximately 90 amino acids from the COOH-terminal end of the protein that is markedly similar (Fig. 3 ).
CysT and CysW are extremely hydrophobic, with similar hydropathy profiles (29) that suggest the presence of five or six transmembrane regions (CysT is shown in Fig. 4 ). The MalG protein has a similar hydropathy profile and may cross the cytoplasmic membrane six times (10) . Examination of both the amino acid sequences and the hydropathy profiles of CysT and CysW provides no evidence for the existence of an NH-terminal signal sequence. This agrees with results for other cytoplasmic membrane proteins, which do not require a signal peptide for proper localization (3) .
Interestingly, the CysT polypeptide is 45% identical (67% conserved) to a protein encoded by mbp Y, a gene on the chloroplast genome of the liverwort Marchantia polymorpha (Fig. 5B ). The CysW polypeptide is slightly less homologous to this plastid-encoded polypeptide. The mbp Y gene, localized to the small single-copy region of the chloroplast genome (27) (55) . Much of this similarity is concentrated in six regions of these polypeptides, two of which are believed to be involved in the binding of ATP (3) . However, the mbpX gene product is most similar (39% identical, 50% conserved amino acids) to CysA, the constituent of the Synechococcus sp. strain PCC 7942 sulfate permease involved in nucleotide binding ( Fig. 5A) (16 (38, 61) , and FixK regulates expression of genes involved in nitrogen fixation (5).
Organization of transcriptional units. Previously we detected five transcripts that accumulated during sulfur-limited growth from the region of the Synechococcus sp. strain PCC 7942 genome described above (16) . To define transcripts from the individual genes, RNA was isolated from either sulfur-sufficient or sulfur-deprived cells, resolved in denaturing agarose gels, and hybridized to gene-specific DNA fragments (Fig. 7) . Although the intensity of the hybridization signals varied with the individual probes, transcripts were only detected in cells that had experienced sulfur deprivation. The cysA-specific DNA fragment hybridized to an RNA species of 1.25 kb, which reflects the size of the cysA gene. Two overlapping mRNAs of 1.85 and 1.25 kb appear to be transcribed from sbpA. Different-sized transcripts originating from the same region of the genome are commonly observed in cyanobacteria (9, 30) . The 1.85-kb signal was observed with both the sbpA and cysT genespecific probes. Hence, the larger transcript has sequences transcribed from both sbpA and cysT. The apparent size of this transcript is, however, a little small to encode both polypeptides. 490  500  510  520  530  540  550  560  570  580 590 600 F T>  1090  1100  1110  1120  1130  1140  1150  1160  1170  1180  1190 1200 1210  1220  1230  1240  1250  1260  1270  1280  1290  1300  1310 1320 1330  1340  1350  1360  1370  1380  1390  1400  1410  1420  1430  1440 cysT> 1450  1460  1470  1480  1490  1500  1510  1520  1530  1540  1550 1560 T F>   1570  1580  1590  1600  1610  1620  1630  1640  1650  1660 1670 1680 1690  1700  1710  1720  1730  1740  1750  1760  1770  1780 1790 1800 E T>  1930  1940  1950  1960  1970   1980   1990  2000  2010  2020  2030  2040 2170  2180  2190  2200  2210  2220  2230  2240  2250  2260  2270  2280 S S>  2650  2660  2670  2680  2690  2700  2710  2720  2730  2740  2750 2760 E V>  2770  2780  2790  2800  2810  2820  2830  2840  2850  2860  2870 3730  3740  3750  3760  3770  3780  3790  3800  3810  3820  3830  3840 A 3850  3860  3870  3880  3890  3900  3910  3920  3930  3940  3950 3960 are two separate transcriptional units, sbpA-cysT and or181-cysR-cysW, each responsible for the synthesis of a 1.85-kb and 1.25-kb mRNA, we have not eliminated the possibility that the cysT-or]81-cysR region is also cotranscribed as a 1.85-kb mRNA. Gene inactivation and preliminary analyses of mutant phenotypes. DNA sequence analysis, the affect of sulfur on the abundance of the different mRNA species, and the phenotype of a previous gene disruption introduced into this region (16) suggested that the genes described above were involved in the transport of sulfate. To establish the function of the individual genes, a drug resistance cassette was inserted into each of the coding regions of the gene cluster (Fig. 8) , and the phenotype of the resulting mutant was examined. Confirmation of the gene disruptions was done by Southern hybridizations. In Fig. 8 brane components. These findings also predict that the cysA gene product is integral to both permease systems.
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sbpA mutant phenotypes. In all periplasmic transport systems analyzed to date, the substrate-binding protein is essential to the transport process. Surprisingly, cells in which sbpA was inactivated were capable of growth on BG-11 medium that contained sulfate as the sole sulfur source. Additionally, the growth of this mutant did not differ significantly from that of the wild type on a broad spectrum of sulfur compounds ( Table 1 ). The only compound tested that did not support growth of the sbpA mutant strain was thiocyanate. Furthermore, while the sbpA mutant strain had normal levels of sulfate uptake when grown on complete BG-11 medium, when limited for sulfur the Vm. for sulfate transport rose less than twofold ( (47) . PhoW and PhoT are the channel-forming components of the phosphate transport system of E. coli (49) . MalF and MalG are membrane components of the maltose permease of E. coli (10) . the V.max for sulfate transport increases between 10-and 20-fold under sulfur-limiting conditions (15) .
Phenotype of cysR and o48l mutant strains. Analyses of the cysR and orJ8l mutant strains demonstrated that neither the CysR nor the Orf8l gene product was required for the uptake of or growth on sulfate or thiosulfate (Tables 1 and 2 ).
In contrast to wild-type cells, both the cysR and orJ8J mutant strains were unable to utilize thiocyanate as a sulfur source (Table 1 ). Hence, one or both of these gene products may be involved in regulating the acquisition and/or utilization of some other sulfur-containing compounds. Additionally, sbpA and cysT mutant strains were unable to support significant growth when supplied with thiocyanate as the sole sulfur source.
DISCUSSION
We have sequenced and characterized a region of the Synechococcus sp. strain PCC 7942 genome adjacent to cysA and conclude that it encodes the remaining components of the sulfate permease. These conclusions are based on similarity to analogous components from the sulfate permease system of enteric bacteria. Additionally, genetic lesions introduced into specific genes of this region by insertional inactivation result in cysteine auxotrophy, reduced uptake of sulfate, and altered utilization of other sulfur-containing compounds.
A gene (sbpA) with considerable similarity to the sulfatebinding protein gene of enteric bacteria was located immediately adjacent to cysA and transcribed in the opposite direction. Analysis of the sbpA mutant strain suggested that, in contrast to other periplasmic transport systems, a substrate-binding protein is not essential for sulfate transport in afford the organism some transport capabilities (46, 54) . Like the sbpA mutant described in this article, only the Vmax of these mal+ revertants varied, suggesting that a cryptic binding site was being exposed to various extents (54 Considerable structural and functional information has been obtained concerning the sulfate-binding protein in E. coli and S. typhimurium (1, 3, 33) . The amino acid sequence of the sulfate-binding protein from S. typhimurium has been determined (23) , and a crystal structure has been resolved at 0.2 nm (39, 40) . The charged oxygen atoms of the sulfate group, buried between two globular lobes of the protein, are hydrogen-bonded to specific amino acids of the protein. (39) . Five of these S. typhimurium sulfate-binding protein residues are identical in the SbpA protein of Synechococcus sp. strain PCC 7942. The regions of the E. coli sulfate-binding protein that are involved in hydrogen bonding are highlighted with arrows in Fig. 2 and can be compared with analogous regions in SbpA.
Like other known periplasmic proteins, the sulfate-binding protein of E. coli is synthesized as a precursor with an NH-terminal signal peptide of 19 amino acids (18) . SbpA has a typical prokaryotic signal sequence (58) . Basic amino acids at the amino terminus are followed by a hydrophobic central region. Although we have not defined the signal sequence cleavage site for SbpA, we can suggest potential sites based on analogy to the S. typhimurium and E. coli sulfate-binding proteins and the rules used to predict sites of signal peptidase action. If proteolytic cleavage occurs at the same position as for the E. coli polypeptide, the amino terminus of mature SbpA would be at amino acid Q-40 (Fig. 2) . This site also conforms to the "-1, -3" rules used to predict cleavage sites (58) . While the predicted SbpA leader sequence is significantly longer than most prokaryotic signal peptides, it is similar in size to the presequence proposed for a component of photosystem II in the cyanobacterium Phormidium laminosum (59) . Differences in size between cyanobacterial signal sequences and those of the enteric bacteria may reflect the increased specificity required of the cyanobacterial protein-targeting machinery to properly route polypeptides through either thylakoid or cytoplasmic membranes. Alternative cleavage sites, such as the one following A-25 of SbpA, are also present.
Insertional inactivation of the cysT and cysW genes confirmed that they are similar proteins in sequence data banks (GenBank, NBRF) (histidine transport [19] ), the chlD gene locus (molybdenum revealed similarities between CysT and CysW and almost all transport [26] ), pstA and pstC (inorganic phosphate transmembrane-spanning polypeptides of osmotic shock-sensiport [49] ), araH (arabinose transport [45] ), and the pro, ugp, tive transport systems. For example, they are similar to the and gln families. The proteins encoded by cysT and cysW are gene products of cysT and cysW (sulfate transport [47] ), most similar to the polypeptides encoded by the functionally malF and maiG (maltose transport [10] ), hisM and hisQ analogous genes in E. coli (cysW and cysT) and more similar Many operons contain genes encoding periplasmic transport components that are separated by short intergenic regions. For the histidine operon of S. typhimurium, the intergenic regions play a role in the posttranscriptional control of gene expression (48) . These intergenic sequences may regulate expression by affecting both the efficiency of translation and the stability of the mRNA. The Synechococcus sp. strain PCC 7942 sulfate permease genes are either overlapping or separated by short intergenic regions unlikely to be sites of transcription initiation. Similarly, in E. coli the permease genes are probably cotranscribed (47) . The DNA sequence just 3' of the coding region of sbpA has the potential to form a hairpin-loop structure (underlined in the sequence in Fig. 1 ) that, in the RNA, may act to terminate transcription or stabilize the mRNA. Stabilization of mRNA by palindromic sequences has been proposed to control the abundance of transcripts from the puf operon in Rhodobacter capsulatus (6) . Hence, overlapping and multiple transcripts encoded in the cysA region of the Synechococcus sp. strain PCC 7942 genome may be the consequence of mRNA processing and/or differential transcript stability. Transcription of these overlapping mRNA species and the processing of large transcripts may be important in maintaining optimal stoichiometry among the various components of the permease complex.
Located between cysT and cysW is a gene, designated cysR, which encodes a polypeptide that has some homology to a family of prokaryotic regulatory proteins. The greatest similarity between CysR and the regulatory proteins from enteric bacteria is in the helix-turn-helix motif, which is directly involved in DNA binding (12) . A similar motif is present in several prokaryotic sequence-specific DNA-binding proteins (7) . Using the AAC method of evaluating the potential to form a helix-turn-helix DNA-binding domain (7), we obtained a score of 0.809 for CysR (residues 155 to 175). Domains with a score of 0.80 or less have considerable potential to be stable in the helix-turn-helix conformation.
A second region of similarity between the four proteins is located at the NH-terminal between amino acids 38 and 67 of CysR. This region of CysR is 23, 43, and 36% identical to the corresponding domains in FixK, Fnr, and Crp, respectively. The homologous region in Crp, as determined from analysis of the crystal structure of the Crp-cycic AMP complex, is known to constitute a region of p-strands that form a P-roll structure (61) . Interestingly, this region contains four specifically positioned G residues that are present in all four of the proteins. A fifth G residue is conserved in FixK, Fnr, and Crp but not in CysR. Conservation among the NH-terminal domains reflects a similar structure, in which the G residues initiate turns or loops. In Crp, the NH-terminal region is required for regulatory activity and accommodates the cyclic AMP effector. The specific residues that bind cyclic AMP are not present in either CysR or the other two regulatory proteins.
The CysR protein also contains the motif SPXX, which is common among transcriptional regulators (50) . In the helixturn-helix DNA-binding proteins, the variable X residues are most often an S, T, A, L, or P and the motif is usually not within the helix-turn-helix domain. The sequence SPAT, located at the NH-terminal of CysR (residues 14 to 17), conforms to these conditions. The functional significance of this motif, which may bind AT-rich regions of the DNA (8) , in transcriptional regulation is unknown (50) .
Inactivation of the cysR gene prevents an increase in the Vm,x for sulfate transport that is typically seen in wild-type cells under sulfur-limiting conditions. The cysR gene product may also be involved in regulating growth on other sulfurcontaining compounds since, in contrast to wild-type cells, the cysR mutant strain cannot utilize thiocyanate as its sole source of sulfur.
Mutants with lesions in the sbpA, cysT, and orj81 genes also are incapable of growth when thiocyanate is the source of sulfur. There are a number of possible explanations for these results. First, it is possible that all four constituents encoded by the sbpA-cysT-orf81-cysR gene cluster are required to form and regulate the synthesis of a thiocyanate transport or utilization system. It is also possible that insertion of the spc gene in sbpA or cysT causes polar effects on the transcription of downstream genes. Preliminary Northern hybridization analysis of RNA from the sbpA mutant strain indicated that RNA from the cysR gene is no longer produced at high levels under sulfur-deficient conditions (data not shown). Polar effects of a cysR mutation on cysW may also explain the lack of increase in the sulfate uptake system in a cysR mutant strain grown under sulfurdeficient conditions (Table 2) . However, polar effects on the system appear to be manifested only under sulfur-deficient conditions, since the cysR mutant has essentially wild-type levels of sulfate transport when grown in complete medium. Lastly, it is possible that the sbpA and/or cysR gene plays a role in regulating the expression of genes encoding components of permease complexes involved in transporting sulfate and other sulfur compounds. A more detailed analysis of the function of these genes in the acclimation process is under way.
